facilities for invasive and non-invasive investigation, and assessment for heart and heart-lung transplantation. Patients-10 patients with severe pulmonary hypertension being considered for lung transplantation. Endpoints-Peak right ventricular, pulmonary artery, and right atrial pressures; peak positive and negative right ventricular dPldt; peak Doppler right ventricular-right atrial pressure drop; Doppler derived peak positive and negative right ventricular dPldt; and time intervals of Q to peak right ventricular pressure and to peak positive and negative right ventricular dPldt.
Results-The mean (SD) pulmonary artery systolic pressure was 109 (29) mm Hg. The Ten patients (seven women, three men) with severe pulmonary hypertension being assessed for lung transplantation were studied. The mean (range) age was 33 (21-46) years. The diagnoses were primary pulmonary hypertension in seven patients, atrial septal defect in two, and chronic pulmonary thromboembolic disease in one patient. All patients had given written informed consent to the study, which formed part of a larger investigation aimed at monitoring pulmonary artery pressure using a Gaeltec high fidelity transducer tipped catheter over a 24 hour period. The study was approved by the local ethics committee. All patients had functional tricuspid regurgitation recordable with Doppler, but in none was the regurgitation severe in volume terms, nor were 'v' waves present in the right atrial pressure trace.
METHODS
High fidelity pressure recordings A high fidelity micromanometer tipped catheter (Gaeltec, United Kingdom) was placed in the proximal left or right pulmonary artery under radiographic screening.7 The signal from the pulmonary artery catheter was amplified (frequency response of catheter and amplifier was greater-than 1000 Hz (-3 dB), and displayed on the screen of the echocardiograph, together with the simultaneously acquired echocardiographic and Doppler information. Paper recordings of pulmonary artery and then right ventricular pressure were made with the left ventricular M mode, transtricuspid, transmitral and transpulmonary flow, and tricuspid regurgitant flow, all at 10 cm/s. At the conclusion of the study the catheter was withdrawn to the right atrium, and the phasic and mean right atrial pressure were measured. Patients with severe tricuspid regurgitation were excluded from this study, thus 'v' waves were not prominent. The 
Doppler echocardiography
We recorded Doppler signals with a Doptek Spectrascan and a 2-0 MHz transducer and a Hewlett Packard Sonos 1000 with a 3-5 MHz transducer. Peak forward transmitral and transtricuspid flow velocities were identified using continuous waves from the apex and were recorded in pulsed mode with a 3 mm gate and a 250 Hz wall filter. The peak velocities of early (E wave) and atrial (A wave) transmitral flow were recorded and the ratio E/A was derived. Tricuspid regurgitant flow was identified and recorded in continuous mode from the apex. The peak instantaneous systolic pressure drop from right ventricle to right atrium was calculated from the peak velocity of the tricuspid regurgitant signal using the modified Bernoulli equation (Ap = 4V2). The tricuspid pressure drop at the instant of mitral cusp separation was also recorded. The RR interval was measured from the electrocardiogram, recorded simultaneously with the phonocardiogram. P2 was taken as the first high frequency vibration of the second component of the second heart sound and checked on the pulmonary echogram and pulmonary closure artefact on Doppler recordings. The time interval from pulmonary closure (P2) to the onset of forward tricuspid flow was recorded in all instances. Data were recorded on paper at 10 cm/s; all measurements were made on three cardiac cycles and the mean taken. and the time intervals of Q wave onset to peak right venticular pressure, and to peak positive and negative dP/dt. The mean right atrial pressure measured by catheter was added to the peak right ventricular-right atrial pressure drop to obtain an estimate of peak pulmonary artery pressure. Peak pulmonary artery pressure and peak positive and negative right ventricular dP/dt were measured from the digitised catheter recordings, as were the time intervals of Q wave onset to peak right ventricular pressure and to peak positive and negative dP/dt.
Digitisation of records

STATISTICAL ANALYSIS
The statistical methods used for assessing agreement between two methods of clinical measurement were those of Bland and Altman.8 Differences between mean values were compared by Student's t test, and a P value of < 0-05 was taken as statistically significant. Table 1 gives the mean values for pulmonary artery and right ventricular pressure. regurgitation. The peak right ventricularright atrial pressure drop measured with Doppler echocardiography consistently underestimated the peak right ventricular pressure measured invasively, the mean difference being 38 (21) mmHg (P < 0-001). Figure 2 compares these two measurements as a comparative data plot. In Figure 3 In our study we were not only interested in the relation between the peak right ventricular pressure measured by the two techniques, but also the derived variables dP/dt and time relations between the two pressure pulses. We found that Doppler echocardiography significantly underestimated the peak right ventricular pressure in patients with severe pulmonary hypertension and that the discrepancy appeared to be greater (in absolute but not percentage terms) at the highest values of right ventricular pressure. The reasons for this discrepancy are not clear, but there are many possible explanations. We were careful to align perfectly with the jet of tricuspid regurgitation so as not to introduce an angle correction error. In our patients the right ventricle was dilated and formed the apex, so aligning with the tricuspid regurgitation was not difficult. Colour flow mapping was used to confirm the jet direction and clear spectral envelopes were obtained in every instance. The catheter measurements were made with a micromanometer tipped device with a high frequency response rather than fluid filled catheters, and were immediately and externally calibrated against a pressure balance, itself calibrated to UK National Physical Laboratory standards. Patients had only functional rather than haemodynamically significant tricuspid regurgitation and we cannot attribute the underestimates to an accentuated 'v' wave in the right atrial pressure. In any event, adding the 'v' wave to the peak pressure drop would tend to lead to an overestimate in peak right ventricular pressure because it occurs later in the cardiac cycle when the right ventricular pressure is decreasing.' We therefore believe the discrepancy to be genuine. In addition, underestimating the right atrial pressure would affect the intercept, not the slope, of the regression line between the invasive and non-invasive measurements. The intercept in our study is 0-2 mm Hg.
Results
PRESSURE ESTIMATION
The more common error reported with Doppler echocardiographic assessment of pressure drops has been overestimation, ' where Ap is the pressure drop between the two points.'5 An orifice coefficient of exactly 1-0 is uncommon, though this value is assumed for all cardiological applications. The coefficient itself depends critically on whether the orifice edges are sharp or rounded, or whether the region of constriction is short or tube-like.'5 If the tricuspid orifice coefficient at peak systole was less than 1 -0-for example, 0 9-then the pressure difference calculated by the Bernoulli equation would be C2 = 0-81 of the true pressure drop, and this is just the order of magnitude of our underestimate. It is, in fact, highly unlikely that the tricuspid orifice has a coefficient of 1 0 and it is thus surprising that the slopes of the regression equations of invasive and noninvasive measurements have been so close to 1.0.2 11. In fact, using the magnitude of the pressure differences which might be expected in pulmonary hypertension, the approximate jet velocities and orifice areas, then from graphs of orifice meter coefficients, we might expect values of C to be 0 8-0 9. with pulmonary hypertension, a minimum of 15 mm Hg should be added to the peak right ventricular -right atrial pressure drop (rather than the conventional 10 mm Hg), as the mean right atrial pressure is usually at least this.
We and others are increasingly using spectral Doppler displays of atrioventricular valve regurgitation to obtain the peak rates of ventricular pressure rise and decline. 6 We found no significant differences in the values obtained for these variables assessed by the two techniques. Individual discrepancies did occur, being of the order of 180 mm Hg/s, but these were not consistent. Thus using Doppler to assess right ventricular positive and negative dP/dt appears to be valid, at least semiquantitatively, and may be useful in following the effects of interventions on the rate of rise or decline of pressure. With regard to the timing of events, the right ventricular pressure pulses obtained by the two techniques were similar. Nevertheless, the value of the time interval of Q wave to peak right ventricular pressure was slightly but significantly less when measured from Doppler echocardiography than from the catheter recordings. There was no significant difference in determining any other time intervals, particularly that between pulmonary closure and the end of the pressure pulse, which we have previously shown to be directly related to the right ventricular pressure. 9 In this study we were able to confirm the effects of prolonged right ventricular systole on left ventricular diastolic function, which we and others have shown to be abnormal in pulmonary hypertension.'0 1819 Our patients had abnormally prolonged left ventricular isovolumic relaxation and an abnormal pattern of transmitral flow. The invasively measured right ventricular pressure at the instant of mitral valve opening was 38 mm Hg, thus reinforcing our previous observation that a prolonged decrease in right ventricular wall tension causes significant septal displacement and thus interferes with left ventricular filling.
Thus the peak tricuspid regurgitant velocity measured by Doppler echocardiography significantly underestimates the peak right ventricular pressure by around 20% in severe pulmonary hypertension. The method gives semiquantitative estimates of the peak rates of right ventricular pressure rise and decline, but the agreement in the timing of events is much closer. There is no doubt that Doppler echocardiography should remain the major non-invasive method for investigating such patients. Knowing its limitations will strengthen the technique as a clinical tool, an approach that seems preferable to the currently widely held belief that the values it gives are interchangeable with invasive measurements.
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